192 Os(n th , γ) 193 Os reaction were studied in γ − γ coincidence measurement. The decay scheme of 193 Os was established up to the excitation energy ∼ 3
Introduction
Nuclear properties in the excitation interval up to the neutron binding energy B n undergoes radical change: the simplest low-lying levels transform into the Bohr's compound states. The only possibility to study this process in details is provided by the experimental investigation of the two-step γ-cascades proceeding between the neutron resonance and group of low-lying levels. Experimental data on the density and probability of population of the states observed in this process are compared with the theoretical notions. The comparison allows one to reveal the main peculiarities of change in properties of nuclear matter as excitation energy increases.
The main details of the analysis of this experiment are described, for example, in [1] [2] [3] .
Experiment
Two-step γ-cascades following thermal neutron capture in 190 Os and 192 Os were studied by γ-γ coincidence measurements undertaken at the LW R − 15 reactor inŘež. The measurements were performed using the spectrometer [4] Unlike other known methods for the study of the process of thermal neutron capture, the sum coincidence method allows one to obtain reliable enough information not only for a monoisotopic target but also for the case of few isotopes with comparable probabilities of neutron capture in them. In the last case, the quality of the experimental data is somewhat worse due to:
(a) increase in the Compton background under the full energy peak in the sum coincidence spectrum caused by a higher-energy cascade belonging to another isotope;
(b) possible overlapping of peaks in the sum coincidence spectrum.
However, a sufficiently high efficiency of detectors and fine energy resolution (F W HM ≃ 5 keV for peaks at E c = 5 − 6 MeV in the sum coincidence spectrum) allowed us to obtain the results of acceptable quality in this case, as well.
The main part of the sum coincidence spectrum measured in the experiment is shown in at the lower cascade energy E c = E 1 + E 2 determine amplitude and shape of the "noise" line in the intensity distributions of cascades with E c = const. In all there were obtained and analysed 11 such spectra of cascades in 193 Os. Each two-step cascade in such spectrum is presented by a pair of peaks with equal areas and widths [6] . The probability of observing a low-intensity cascade is determined only by the amplitude of the "noise" line. The registration threshold, L c , for individual cascades was determined from an analysis of spectra E c = const corresponding to background intervals in the sum coincidence spectrum. It was established that L c linearly increases from 1.5 to 6.0 events per 10 4 decays as the cascade energy changes from 5.6 to 4.5
MeV, respectively.
The data obtained allow one clearly demonstrate spectroscopic possibilities of the method.
For this aim all 11 intensity distributions of cascades observed were summed. The part of this summed spectrum for the interval of the quantum energy E γ from 3.0 to 4.6 MeV is presented in Fig. 2 in function of the energy E ex = B n − E γ (E ex equals excitation energy of the cascade intermediate level when E γ is the energy of the cascade primary transition E 1 ). Summation leads to accumulation of the primary transition intensities in common peak and intensities of the secondary transitions -in different peaks. Due to low intensity cascades with the secondary transition energy E 2 > MeV are not observed in a given interval of the excitation energy as the peaks, they form continuous distribution. Therefore, every peak in Fig. 2 with the high probability corresponds to one of the levels of 193 Os. So, one can see from Fig. 2 that the experimental data allow confident determination of the level energies in 193 Os up to 0.5B n as minimum even without the use of the most modern spectrometers.
Spectroscopic information
The method to construct a decay scheme using obvious thesis about the constancy of the energy E 1 = B n − E m of the primary transition in the cascades with the different total energy E 1 + E 2 = const was described for the first time in [7] . The method uses multi-dimensional distribution in the framework of the maximum likelihood method in order to select probable γ-transitions with equal energy in different spectra. The algorithm gives reliable results [8] even at the mean error in determination of E 1 up to ≃ 1.5 keV and number of cascades resolved in spectrum as the pairs of peaks of about 10 3 . Corresponding results for 193 Os are given in Table 1 .
Analysis of the experimental data requires transformation of the peak areas of the resolved cascades into absolute values (in % per decay). However, the direct solution of this problem using, for example, the areas of peaks in the sum coincident spectrum is impossible because of the uncontrollable conditions of the experiment. First of all, this is due to difficulties of determining the number of captures in the target and the absolute efficiency of registration of the cascade in the geometry of the experiment. This problem can be solved by the normalization of relative intensities to the absolute values A γγ calculated for most intense cascades by the relation
where the absolute intensities i 1 of primary transitions are taken from other works, and the branching ratios B r are determined in a standard way from the codes of coincidences accumulated in this experiment. A γγ is the ratio between the intensity of a given cascade and total intensity of all cascades with Os to absolute values was determined using the ratio of areas of the peaks corresponding to cascades to the ground and three low-lying levels of 191, 193 Os as well as the averaged over corresponding spectra efficiency of registration of the cascades. It was determined to be equal to 0.01077 for the relative intensities of the primary transitions from [14] .
The total absolute intensities I γγ = i γγ of cascades with a fixed sum energy (including those unresolved experimentally) are given in Table 2 . The data correspond to the energy detection threshold set at 520 keV which was used to reject annihilation quanta. Nevertheless, the data are suitable for testing the validity of level density and radiative strength function models in the excitation energy range almost up to B n as it is shown in Table 2 .
Background cascades
Every spectrum -intensity distribution of cascades with a given sum energy contains the following components: (i) desired cascade both in form of pairs of resolved peaks and their superposition -continuous distribution of low amplitude (cascade energy is completely deposited in detectors); (ii) "noise" line resulted from registration of the part of the energy of quanta of cascades with higher energy.
On the average, the contribution of the latter in the spectrum practically equals zero but in some local sections of the spectrum the distortions can be rather considerable. It should be noted that the main distortion is due to the cases of partial absorption of the energy of one cascade transition in detector and complete absorption of the energy of another transition.
Subtraction of this Compton background results in appearance of characteristic symmetrical structures of variable sign in spectrum of cascades with less sum energy. As it was shown in [8] these structures manifest themselves when the full energy peaks of high-energy cascades contain more than 1000 events. The use of the numerical algorithm for improvement of energy resolution [6] strengthens this effect. The shape of such structure is determined by the intensity of corresponding individual cascade with higher energy, choice of concrete windows "effect+background" and "background" ( Fig. 1 ) and is due to inevitable discrepancy in positions of these intervals. Of course, similar effect exists and in the standard analysis of γ − γ coincidences but there it is well "masked".
Precise enough and complete correction of corresponding distortions in the spectra, from which the data of Fig. 2 were obtained, can be calculated. This requires the data on the probability of simultaneous registration of quanta E 1 and E 2 in the full energy peaks for all possible most intense cascades with the higher energy (included cascades in other isotopes and elements situated in neutron beam). This procedure is absolutely necessary if HP Ge detectors with the efficiency more than 25-30% are used in the experiment.
The contribution of 191 Os
The contribution of 191 Os appears, in particular, in the sum coincidence spectrum as overlapping of full energy peaks related with cascade transitions in 193 Os and 191 Os. As can be seen from information on thermal neutron radiative capture spectra of 190, 192 Os is considerably poorer than the data obtained in the reported experiment and cannot be used to solve the problem under consideration.
Correction of the total cascade intensities ( It should be noted that approximate equality of intensities is observed also for the cascades terminating at the levels with different spins J = 1/2 or 3/2 but equal parity. Therefore, the ratio between the contributions of two isotopes in the case of such J The results of the procedure are taken into account in the data listed in Table 2 . Certainly, it is an approximate solution of the problem. Unresolved doublets represent an insignificant part of the total cascade intensity, however. Hence, one may expect negligible influence of the corresponding error on physical results.
The maximum number of primary transitions belonging to 191 Os (but entered in Table 1) can be estimated from frequency distribution of the difference between the energies of the pri-mary transitions in corresponding spectroscopic data. Such frequency distribution for the 1 keV energy bins in 191, 193 Os is shown in Fig. 3 . The enhanced (as compared with neighboring intervals) frequency of observation of the primary transitions with close energy can testify to admixture of the cascades of 191 Os in Table 1 . Mistaken isotopic identification is observed, probably, for 39(16) transitions from more than 500 primary transitions measured in two isotopes.
(Small but statistically significant deviation of the data given in Fig. 3 from zero can be related to error in energy calibration for different Os isotopes). There is rather clear demonstration of reliability of the spectroscopic data obtained in our experiment.
Comparison with a known decay scheme
Investigation of cascade γ-decay of heavy compound nuclei is a sensitive tool for obtaining spectroscopic information and reliable establishing of a decay scheme up to the excitation energy of 3-4 MeV. The observation confidence of nuclear excited states is mainly determined by the intensity of populating cascades and depends weakly on the excitation energy. For these reasons, the decay scheme of 193 Os above ≃ 1 MeV established in our experiment seems to be more precise and reliable than obtained earlier.
All observed by us levels of 193 Os with J < 5/2 are listed in Table 1 . The known decay scheme of this nucleus includes only the part of possible levels from those listed in Table 1 . This is due to its construction mainly on the basis of spectra of the primary γ-transitions following thermal neutron radiative capture. These spectra, however, were measured at real detection threshold L c ≃ 5 × 10 −3 events per decay. In our experiment there are observed the states of 193 Os populated by the cascades with the sum intensity exceeding 2 − 4 × 10 −4 events per decay. The energy of intermediate levels for the majority of these cascades was determined according to [8] reliably enough, too. In the case of low intensity cascades, quanta ordering was determined [7] only for part of them. Some of the cascades were observed only in one of 11 distributions and one cannot exclude that, possibly, some of the cascades listed in Table 1 can have the low energy primary and high energy secondary transitions.
Estimation of possible number of excited states below detection threshold
At zero detection threshold L c = 0 decay scheme would include the main part of excited states of the studied nucleus up to the excitation energy where the mean spacing between the levels is comparable with the widths of peaks (Fig. 2) .
Of course, this is impossible. However, the most probable number of levels populated and by the cascades with < I γγ >≤ L c can be estimated if it is taken into account that:
(a) intensity of cascades is the random value with the corresponding average and dispersion;
(b) usually L c is noticeably less than the mean intensity < I γγ > of cascades summed over their final levels (for a given E i ).
Corresponding method of analysis is described in [16] . Its main idea is that one can select such values of three parameters -the set of the mean intensities of cascades with E1 or M1 Experimental cumulative distribution of < I γγ > for some energy intervals of their intermediate levels are compared with the results of the best approximation in Fig. 4 . If fluctuations of partial widths of the primary transitions relative to their mean value are described by the Porter-Thomas distribution [17] than the best values of the obtained parameters allow the conclusion that:
1. Table 1 contains more than 99% of the total intensity of cascades populating the levels with E i < 3 MeV and E f ≤ 890 keV. 3. At the excitation energy above ≃ 2 MeV the analysis [16] gives considerably less number of levels than that predicted by the back-shifted Fermi-gas model with the parameters taken from [18] .
Available information on the level density is compared in Fig. 5 .
It should be noted that a decrease in the model level density used in calculation always leads to an increase in the intensity of the cascades proceeding between the compound state and any low-lying level. The use of the models of the radiative strength functions with the stronger energy dependence also leads to increase in cascade intensity. As it is seen from the Table 2, the calculated cascade intensity is considerably less than the experimental values. This result confirms the conclusions of the analysis [16] that the density of the levels excited in 193 Os is considerably less than that predicted by the models which do not take into account the influence on nucleon pairing at E ex > 2 − 3 MeV or underestimate it [19] . It should be noted also that 193 Os is the first nucleus where the calculated cascade intensities are stronger affected by choice the model of the radiative strength functions than by choice of the level density model. But on the whole, theoretical notions of the level density and radiative strength functions for 193 Os are to be developed completely in the same direction as that earlier obtained [22] for other nuclei. Table 1 . Intensities were smoothed by means of the Gaussian function:
. The distribution of this type smoothed with the parameter σ = 25 keV is given in Fig. 6 and the values of the auto-correlation function
for different selection thresholds of intense cascades are shown in Fig. 7 . As it was shown in [25] such analysis cannot give unique value of the equidistant period T even for the simulated spectra (for example, for 25 "bands" consisting from 4 levels with slightly distorted equidistant period) and provide estimation of the confidence level of the observed effect. In principle, both problems can be solved in the experiments on the study of the two-step cascades in different resonances of the same nucleus. But some grounds to state that the regularity really exists can be obtained from a comparison of the most probable equidistant periods in different nuclei.
The set of the probable equidistant periods obtained so far (Fig. 8) allows an assumption that the T value is approximately proportional to the number of boson pairs of the unfilled nuclear shells. This allows one to consider the effect at the level of working hypothesis.
The regularity in the excitation spectra testifies to the harmonic nuclear vibrations. Thus, one can assume that the structure of the intermediate levels of the studied cascades contains considerable components of the rather weakly fragmented states like multi-quasiparticle excitations ⊗ phonon or several phonons. This provides logical explanation of serious decrease in the observed level density as compared with the predictions of the non-interacting Fermi-gas model: nuclear excitation energy concentrates on phonos but quasiparticles up to the ≃ 2 MeV are populate weakly or very weakly due to insufficiency of energy for breaking of paired nucleons.
6 Influence of structure of final level on cascade intensity Table 2 that the ratio between the experimental and calculated cascades intensities amounts on the average to 1.9 and 2.7 in the first and second cases, respectively. This discrepancy, as that observed earlier in other even-odd compound nuclei, may be related [2] with the influence of the structure of the cascade final level on mean probability of the cascade.
Conclusion
Information on two-step γ-cascades for a number of nuclei from the mass range 114 ≤ A ≤ 200 (see, for example, [26] ) from thermal neutron capture experiments forms a basis for study of the characteristics of the γ-decay process.
The results indicate necessity to modify model notions of the properties of the excited states of the heavy nuclei. The obtained information demonstrates that more correct description of the process under study requires more detailed accounting for co-existence and interaction of superfluid and normal phases of nuclear matter by the nuclear models. Achievement of complete correspondence between the observed and calculated parameters of nuclear reactions, for instance, neutron-induced reaction is impossible. This concerns, partially, the total radiative widths of neutron resonances and γ-spectrum . (Table 1) for the excitation energy interval of 100 keV (circles). Curves 1 and 2 represent the predictions of the models [18] and [19] , respectively. The histogram is the estimation [16] of the level density from the shape of the distribution of cumulative sums of cascade intensities. Fig. 6 . The dependence of the "smoothed" intensities of resolved cascades listed in Table 1 on the excitation energy. Possible "bands" of practically harmonic excitations of the nucleus are marked. The parameter σ = 25 keV was used. 
